Attention can enhance or modulate neural responses to stimuli at early and late stages of sensory processing. We were interested in the modulatory effect of attention to visual motion on cortical responses as measured by functional MRI. Subjects were scanned during repeated presentations of identical stimuli (visual motion) while only the attentional component of the task was varied. Enhanced haemodynamic responses during attentive conditions defined an occipitoparietofrontal system, including sensory and association areas, as well as the medial thalamus and superior colliculus. Attentional modulation was not restricted to extrastriate areas Keywords: V5 complex; V3a; dorsolateral prefrontal cortex; frontal eye fields; modulation Abbreviations: BA ϭ Brodmann area; BOLD ϭ blood oxygenation level dependent contrast; ERP ϭ event related potentials; fMRI ϭ functional MRI; SPM ϭ statistical parametric map
Introduction
Motion perception is an important faculty. Driving at night reduces the amount of information available about the car ahead to two red rear lights. The ensuing radial motion is a two-dimensional representation of motion in depth. The velocity of the two radially moving dots allows one to estimate how fast one is approaching the other car. However, the depth of processing depends on whether the observer is the driver or a passenger. Both observe the same scene but the driver has to pay attention to the rear lights and to the optical flow engendered. This emphasizes the fact that visual motion can be attended to. Visual stimuli are multidimensional (e.g. colour, shape and motion) and a mechanism to weight their current contextual importance is necessary (Posner and Petersen, 1990; Posner, 1994 ). In the above example only the velocity of visually presented moving dots is salient, their colour (red) is less important. In this paper we have used functional MRI (fMRI) to identify the neural systems implicated in attending to visual motion.
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(including V3a and the V5 complex) but was also evident, to a lesser degree, in early visual areas close to the calcarine fissure (V1/V2 border). Attention-related enhancement of cortical responsiveness is discussed in terms of data that implicate modulatory short-term changes in synaptic efficacy and reciprocal connections between striate, extrastriate, parietal and frontal areas. Given the similarity of our attentional network to that controlling eye movements, the results of this study are in accord with theories linking oculomotor control and attention.
Electrophysiological studies have identified a motion sensitive area in the middle temporal region in the Macaque (Dubner and Zeki, 1971) . A homologous area (human V5) can be defined in man by functional imaging using PET (Zeki et al., 1991) or functional MRI (fMRI) (Tootell et al., 1995) . Recent primate studies (Treue and Maunsell, 1996) and fMRI data (O'Craven et al., 1997) demonstrate that activity in the V5 complex (or the middle temporal region in the Treue and Maunsell study) can be modulated by attention. This is in accord with earlier results by Corbetta et al. (1991) , who studied selective attention to different aspects of visual stimuli using PET. We refer to the middle temporal region or human V5 complex simply as the V5 complex in the remainder of this paper.
These results suggest that the responses of extrastriate areas which process visual signals are modulated according to task demands; this may provide a mechanism whereby individual stimulus attributes such as colour and motion can be selected by attention. The locus of this modulation appears to be early in the sensory processing pathways, compatible with 'early selection' theories of selective attention (Treisman and Gelade, 1980) . Such modulation presupposes the interaction of sensory input and modulatory 'top-down' influences from other cortical areas. In other words, the expression of an early selection process, operating in primary and secondary sensory cortex, cannot be isolated from the question of the locus of top-down influences exerted by higher (i.e. parietal and frontal) association areas (Fink et al., 1996; Rees et al., 1997) .
The functional architecture of selective attention has been inferred on the basis of labelling (Morecraft et al., 1993) and lesion studies (Mesulam, 1981) . This work points to a largescale neural network that includes the frontal eye fields, the cingulate, premotor, lateral prefrontal, orbitofrontal, opercular, posterior parietal, lateral and inferior temporal, parahippocampal and insular regions as well as the thalamus.
The present work aimed to identify regions that are modulated by attention to visual motion, including areas outside the visual and parietal cortex (Bushnell et al., 1981; Mesulam, 1981; Mountcastle et al., 1981; Assad and Maunsell, 1995) (i.e. frontal cortex and subcortical structures). For instance, the frontal eye fields are thought to play an important role in visual attention, as exemplified in the premotor theory of attention (Rizzolatti et al., 1987) . To address these issues we designed an fMRI experiment that repeatedly used the same visual stimuli presented during a series of tasks that involved different attentional sets. The idea of using identical visual stimuli in the context of different attentional sets goes back to the study by Corbetta et al. (1991) .
Methods

Experimental design and image acquisition
Data were acquired with a 2-T Magnetom VISION (Siemens, Erlangen, Germany) whole body MRI system equipped with a head volume coil. Contiguous multislice T 2 -weighted fMRI images (TE ϭ 40 ms; 90 ms per image; 64 ϫ 64 pixels: area 19.2 ϫ 19.2 cm) were obtained with echo-planar imaging using an axial slice orientation. A T 2 -weighted sequence was chosen to enhance the blood oxygenation level dependent (BOLD) contrast. The volume acquired covered the whole brain except for the lower half of the cerebellum and the inferior most part of the temporal lobes (32 slices; slice thickness 3 mm, giving a 9.6-cm vertical field of view). The effective repetition time was 3.22 s per volume.
Seven young, right-handed normal, healthy subjects (two male and five female) gave informed consent to participate in this study, which was approved by the Joint Ethics Committee of the Institute of Neurology and the National Hospital for Neurology and Neurosurgery, London. They were scanned during four runs, each lasting 5 min 22 s. In each run, 100 image volumes were acquired. Each condition lasted 32.2 s giving 10 volumes per condition. In all conditions the subjects looked at a fixation point (size 0.3°) in the middle of a screen. Images were back-projected onto the screen from an LCD video-projector. In conditions with visual motion, 250 white dots (size 0.1°) moved radially from the fixation point in random directions towards the border of the screen, at a constant speed of 4.7°/s, where they vanished. The active screen area was circular with a diameter of 17°. The screen refresh rate was set to 67 Hz. The high density of dots in the foveal region and the speed employed suppressed any tendency for the subjects to track individual dots with smooth pursuit eye-movements.
As shown previously (O'Craven et al., 1997) , radial motion of the type we used, makes it easy for subjects to maintain fixation. These authors, using EOG and an infrared tracking device, reported no significant modification of eye movements, i.e. no differences between the two visual conditions, with and without attention. We also used EOG recordings to measure eye movements during our experiment. As EOG recording is not possible during echo-planar imaging, we performed these measurements during a fifth experimental run without scanning. The EOG measurements were calibrated and sensitive to saccadic movements of~1°. No saccadic eye movements were seen during visual stimulation.
We defined four conditions: 'fixation', 'attention', 'no attention' and 'stationary'. During the 'attention' and 'no attention' conditions subjects fixated centrally, while 250 white dots emerged from the fixation point and moved to the edge of the screen. The difference between the conditions lay in the explicit instructions given to the subjects. In the 'attention' condition the subjects were asked to 'detect changes' and during the 'no attention' condition the subjects were instructed to 'just look'. The verbal commands were recorded digitally and played 10 s before the condition started. During the 'stationary' conditions the stimulus consisted of the fixation point and 250 stationary dots. During the 'fixation' condition, only the central fixation point was visible.
Before scanning, subjects were exposed to five 30-s trials of the stimulus. The speed of the moving dots was changed five times during each trial. Subjects were asked to indicate any change in speed. Changes in speed were gradually reduced over the five trials, until a 1% change was presented on the last occasion.
During scanning, the speed of the moving dots was kept constant for both the 'attention' and 'no attention' condition, so that identical visual stimuli were shown in all motion conditions. In the scanner, the subjects were asked to 'detect changes silently, without any response'. The subjects were also instructed not to count changes in speed, and subjects were not asked about the frequency of changes during the scanning session. However, after completion of the experiment, all subjects were asked to estimate, post hoc, the frequency of speed changes. The subjects denied counting the speed changes. However, we were not able to verify the reliability of the subjects' reports with an independent measure. Each subject was scanned during four runs. M denotes the first 10 (discarded) scans of each run that contained magnetic saturation effects. F ϭ 'fixation' condition; A ϭ 'attention' condition; N ϭ 'no attention' condition; S ϭ 'stationary' condition. Each condition lasted 32 s, corresponding to 10 volume images (see Methods for a description of the conditions).
Table 1 Experimental design
Each of four runs comprised four 'fixation' periods, two 'attention', two 'no attention' conditions and one 'stationary' condition (Table 1) . Each run was preceded by 10 scans of a blank screen, which were discarded to eliminate magnetic saturation effects and then continued with a 'fixation' task, followed by 'attention', 'fixation', 'no attention' and so on. To avoid habituation effects the third and fourth run were counterbalanced, starting with a 'no attention' condition. There was a gap of 5 min between each run, while the scanner image processor reconstructed the images.
Image analysis and categorical comparisons
Image processing and statistical analysis were carried out using SPM96 (Friston et al., 1995c; Worsley and Friston, 1995) . All volumes were realigned to the first volume (Friston et al., 1995a) . A mean image was created using the realigned volumes. A structural MRI, acquired using a standard 3D T 1 -weighted sequence (each voxel, 1 ϫ 1 ϫ 3 mm), was coregistered to this mean (T 2 *) image. This ensured that the functional and structural images were in the same space. Finally, the structural image was spatially normalized (Friston et al., 1995a) to a standard template (Talairach and Tournoux, 1988; Evans et al., 1993) , using non-linear basis functions. The non-linear transformation mapping the structural T 1 -MRI scan onto the template, was applied to the fMRI data. The data were smoothed using a 6-mm (full width at half maximum) isotropic Gaussian kernel for individual analyses and an 8-mm kernel for the group analysis. The use of a wider smoothing kernel for the group comparison was chosen to compensate for residual variability in gyral anatomy after spatial normalization. Data analysis was performed by modelling the different conditions ('attention', 'no attention', 'fixation' and 'stationary') as reference waveforms (i.e. box car functions convolved with a haemodynamic response function) (Friston et al., 1995b) in the context of the general linear model as employed by SPM96 (Friston et al., 1996) . Specific effects were tested by applying appropriate linear contrasts to the parameter estimates for each condition, resulting in a t-statistic for each and every voxel. These t-statistics (transformed to Z-statistics) constitute a statistical parametric map (SPM). These SPMs were then interpreted by referring to the probabilistic behaviour of Gaussian random fields. Data were analysed for each subject individually and by including all subjects in a group analysis. The threshold adopted was P Ͻ 0.05 (corrected for multiple comparisons). Less significant activations are reported only if an a priori hypothesis existed for the location in question.
Two comparisons were performed: (i) 'attention' and 'no attention' (i.e. visual motion conditions) against stationary dots ('stationary') to identify motion sensitive cortical areas and (ii) the 'attention' condition against the 'no attention' condition to identify regions that show differential responses due to attentional set. Given our question, the second comparison between 'attention' and 'no attention' was the most important, whereas the first localized regions on the basis of motion processing per se. The fixation dot condition was used as a low-level baseline. Comparisons including this low-level baseline are not reported here.
Psychophysical validation of tasks
We performed an additional psychophysical experiment to validate the 'attention' and 'no attention' conditions employed in the functional imaging experiment. This experiment involved four of the original seven subjects who were involved in the fMRI study and a further five subjects. We presented eight 'attention' and eight 'no attention' trials in the same order as in the imaging experiment. The only difference was that the moving dots stopped abruptly after each visual motion condition, resulting in a pronounced motion after-effect. Subjects were instructed to maintain fixation after the dots stopped moving and to press a button when the percept of the motion after-effect ceased. It has been shown that the motion after-effect is significantly shorter when the subjects are involved in a distracting task (i.e. letter discrimination) (Chaudhuri, 1990) . Therefore, to endorse the attentional manipulation used in our experiments empirically, we hoped to demonstrate a significantly longer motion aftereffect after the 'attention' than after the 'no attention' condition. 
Results
Psychophysical experiment
The motion after-effect varied considerably over subjects (between 5 and 22 s). The analysis of the whole group data showed a highly significant (P Ͻ 0.01) difference between the 'attention' and 'no attention' conditions (t(8) ϭ 6.2; paired t test). Individual analyses (t tests) showed a significant (P Ͻ 0.05) prolongation of the motion after-effect after the 'attention' conditions compared with the 'no attention' conditions in six out of nine subjects. The remaining three subjects showed a trend (0.1 Ͼ P Ͼ 0.06) ( Table 2) .
Imaging experiment
Functional MRI is sensitive enough to allow for inferences about the functional anatomy of single subjects. On the other hand a group analysis allows a 'population' oriented view of the common activations associated with the tasks. Our strategy here is to describe the results of each comparison for the group and then show time-courses of activation in a single subject to exemplify the individual results that comprise the group's response.
Behavioural responses
Although subjects were not asked to count changes in speed, we asked them, after the experiment, to estimate the frequency of changes in speed during the visual motion conditions, i.e. 'attention' and 'no attention'. All subjects reported roughly the same number of changes (i.e. five). The subjects also reported that there were no changes in speed during the 'no attention' condition.
Motion conditions versus stationary dot pattern
This comparison was used to identify motion sensitive extrastriate areas. Highly significant activations were found at the occipitotemporal junction bilaterally. These regions were very close to the co-ordinates of V5 as reported by Watson et al. (1993) . This comparison also revealed motion sensitivity in the middle occipital gyrus. This location is close to area V3/V3a as shown by DeYoe et al. (1996) and Tootell et al. (1997) . The motion sensitivity of this area however, suggests area V3a rather than V3 (Tootell et al., 1997) . We will therefore refer to this area of activation as V3a in the remainder of this paper (Table 3) .
'Attention' versus 'no attention'
The comparison between 'attention' and 'no attention', in which the stimulus was identical but the instructions differed, showed significant differential responses in occipital, parietal and frontal cortices. Figure 1 shows the network rendered on a canonical brain (the gyral and sulcal anatomy does not precisely reflect the anatomy of the individual subjects studied) from the Montreal Neurological Institute (Evans et al., 1993) . Activations above a threshold of P Ͻ 0.001 (uncorrected), that lie within 10 mm of the cortical surface are shown.
Occipital cortex
Significant attentional modulation in the occipital cortex was found at the occipitotemporal junction bilaterally in, and close to, area V5 as identified by the previous comparison. However, the peak activation in this comparison was~10 mm below the peak of activation in V5 defined using the comparison of motion with no motion (Table 3 ). Figure 2 shows the time-courses of activity in two voxels (from a single subject) in the inferior and superior parts of V5 complex showing different degrees of attentional modulation.
Two nearly symmetrical foci of attentional effects were identified in the middle occipital gyrus,~30 mm from the midline (Fig. 3B) . The location is congruent with the 'Talairach' isocontour plot of V3a given in an fMRI study by DeYoe et al. (1996) and, more recently, by Tootell et al. (1997) . Another focus was detected in the lingual gyrus on the medial surface of the occipital cortex, extending dorsally into the calcarine fissure. Neuroanatomically this region includes the V1/V2 border (Shipp and Zeki, 1995; Tootell et al., 1995) (Figs 3A and 4B ).
Parietal cortex
The most significant attentional modulations were in the posterior parietal cortex. These involved the superior parietal gyrus bilaterally [Brodmann area (BA) 7], extending ventrolaterally along the intraparietal sulcus into BA 40. The activations were therefore superior to the location of lesions seen in patients with visual hemi-inattention (De Renzi, 1982) . Figure 3C shows the activation within the intraparietal sulcus. Although the mean MRI reflects the anatomy of all R ϭ right; L ϭ left. Coordinates (x, y, z) are in millimetres from the anterior commissure as defined by Talairach and Tournoux (1988) . *Not significant (P ϭ 0.1, corrected); the other activations are significant at P Ͻ 0.05 (corrected).
seven subjects, the intraparietal sulcus is clearly visible. Activations in the right hemisphere were more widely distributed than in the left, as reflected by the larger number of local maxima (Table 4) .
Frontal cortex
In the frontal lobe we found bilateral activation in the precentral sulcus close to the junction with the superior frontal sulcus. The activation on the right was not significant (P ϭ 0.16, corrected) but was located in the homologous region to that in the left hemisphere. This region corresponds to the location of the frontal eyefields described by Paus (1996) . Table 5 shows the coordinates for frontal activations and the distance between the location of the frontal eye field in our study and that reported by Paus. We found significant symmetrical foci, 20 mm inferior to the frontal eye field, lying in the posterior part of the inferior frontal sulcus at the junction with the precentral sulcus (revealed by rendering the activations onto the individual's structural MRIs) (Fig.  3D ). Cytoarchitectonically this focus would correspond to BA 6 close to the border with BA 8 (Vandenberghe et al., 1996) . A distinct effect was found in the right dorsolateral prefrontal cortex located in the inferior frontal gyrus, 16 mm anterior to the focus above. The maximum activation was in the posterior part of BA 9/46 (Fig. 3E) .
Bilateral attentional effects were also seen ventrolaterally in the region of BA 47 (Fig. 3A) . On the medial aspect of the frontal lobe two small effects were found~15 mm rostral to the anterior commissure. The more caudal activation lay within the anterior cingulate, whereas the superior activation probably corresponds to the supplementary eye field (Darby et al., 1996) (see Table 5 and Fig. 4B ).
Subcortical activations
Two nearly symmetrical activations were found in the medial thalamus and the right superior colliculus (Table 6 and Fig.  4 ) As these areas are linked to spatial attention, we report and discuss these effects although they only reached significance at the level of P Ͻ 0.001 (uncorrected).
Discussion
A distributed attentional system
This paper has presented a characterization of the functional architecture underlying attention to visual motion. We used manipulations of attentional set while subjects viewed the same visual motion stimulus in all conditions. The attentional system identified by comparing 'attention' and 'no attention' conditions included the frontal eye fields, posterior parietal, cingulate, premotor, ventral and lateral prefrontal cortices and the thalamus. This system corresponds remarkably well with a number of proposed neuroanatomical models of attention (Petrides and Pandya, 1984; Mesulam, 1990; Morecraft et al., 1993) .
Experimental design
We used radially moving dots as the stimulus for a number of reasons. First, radial motion defines a natural fixation point in the centre of the screen. Secondly, the high density of moving dots in the foveal region is a potent stimulus for motion responsive cortical areas (Tootell et al., 1995) . With respect to attention, radial motion has another advantage: the subject's task was to detect near threshold changes in the speed of stimuli. Given a stimulus with a lower density of moving elements, a possible strategy might have been to select a single stimulus and then follow it, to evaluate changes in speed. This would confound attention to motion with object and spatial selection (Haxby et al., 1994) . The density of the stimulus in the centre, the high speed and the fact that the dots were indistinguishable from each other, makes this explanation unlikely.
The behavioural data were obtained by asking subjects to estimate the number of changes in speed after the experiment. The alternative, to ask subjects after each run, was dismissed Fig. 1 Activations revealed by comparing the 'attention' and 'no attention' conditions rendered on a standard anatomical template; activations with a Z-score Ͼ3.5 are rendered onto a standard 3D anatomical template. Activation clusters of Ͼ20 voxels which were within 10 mm of the surface are rendered. The occipitoparietofrontal system, including V1/V2, V3a, V5, posterior parietal complex (PP), frontal eye fields (FEF), Brodmann area 6 (BA6), dorsolateral prefrontal cortex (DLPFC) and ventrolateral prefrontal cortex (VLPFC), and supplementary eyefields (SEF), is shown.
because of the ensuing demands that would have been placed on working memory. Indicating changes online by a button press was also dismissed because those movements and associated preparation would not have allowed any sensible interpretation of premotor responses known to be involved in attentional processing (Rizzolatti et al., 1987) .
We also established the attentional differences between our experimental conditions using a psychophysical experiment. The significance and robustness of the findings, using the same experimental paradigm, both in subjects involved in the study and additional subjects, highlights the potent effect of the differences in attentional set used during scanning. The previous study by Chaudhuri (1990) demonstrated that attention affects the duration of the motion after-effect, which is consistent with our assumption that detecting changes in speed increases attention to motion. complex. There is no difference between activations during 'attention' and 'no attention' conditions. Note that from scan 180 onwards (third run), the scan order is counterbalanced. The vertical axis denotes the BOLD signal. Data are scaled to a whole-brain mean of 100.
The functional anatomy of attention to visual motion Striate and extrastriate visual areas
Extrastriate areas showing significant attentional modulation included V5 complex and V3a bilaterally. The activation of the V5 complex when comparing the 'attention' and 'no attention' conditions was~10 mm lower than the corresponding peak from a comparison of visual motion and 'stationary' conditions. Possible explanations for this finding are that V5 complex or the middle temporal region in the monkey are functionally heterogeneous (Desimone and Ungerleider, 1986; Tanaka et al., 1986) . Area V3a has motion selective neurons as demonstrated in primates (Galletti et al., 1990) and humans (Tootell et al., 1997) . This was also demonstrated by our data, on comparing moving and stationary dots, where V3a shows a significant differential response. However, to our knowledge, this is the first report of attentional modulation of V3a activity either in the primate or the human. Precise localization of V3a is only possible in single subjects through demonstrating the retinotopy of this area (Tootell et al., 1995 (Tootell et al., , 1997 . However, the Talairach isocontour plot for different visual areas given by DeYoe et al. (1996) indicates that the peaks of our activations, as given in Table 3 , are close to area V3a.
We have also demonstrated differential activation at the V1/V2 border when comparing 'attention' and 'no attention' conditions. However, this modulation was variable over subjects and there was only a non-significant trend in the grouped data (P ϭ 0.1, corrected). A modulation of V1/V2 might be mediated by reciprocal connections between V1/ V2 and V5. This hypothesis is supported by reversible cooling experiments involving the middle temporal region (Girard and Bullier, 1989) . Inspired by reversible cooling experiments concerning the interactions between V1 and V2 (Sandell and Schiller, 1982) , Friston et al. (1995d) have shown modulation of V1 by V2 in humans using fMRI, by assessing activitydependent changes in effective connectivity between those areas. In a previous study (O'Craven et al., 1997) modulation of lower visual areas by attention was not demonstrated.
Parietal cortex
Our results showed that the posterior parietal cortex was subject to clear attentional modulation; evidence for attentional modulation of posterior parietal cortex activity comes from several other studies (Bushnell et al., 1981; Mesulam, 1981; Mountcastle et al., 1981; Assad and Maunsell, 1995) . Goldberg and Segraves (1987) concluded that 'the attention-related enhancement of visual responses in posterior parietal cortex is a possible neural substrate for visuospatial attention'. BA 7a contains light-sensitive neurons coding centrifugal or centripetal motion that implicate this area in the perception of optical flow, a phenomenon important for estimating velocity in forward locomotion. These cells are also important in terms of attraction of gaze and attention to objects and events in the peripheral visual field. Optical flow, as used in our study, has been shown to activate occipitoparietal regions in a PET activation study by de Jong et al. (1994) . The PET study of Corbetta et al. (1991) , with attention to one component (motion) of a multi-component visual stimulus in a divided attention task, revealed activation in the intraparietal sulcus. Finally, bilateral lesions of the area around the intraparietal sulcus lead to peripheral visual inattention in patients (Pierrot Deseilligny et al., 1986) .
Prefrontal cortex
The activation of right prefrontal cortex in the comparison of the 'attention' and 'no attention' conditions was localized to a medial part of the inferior frontal sulcus. As prefrontal anatomy varies between individuals (Rajkowska and Goldman-Rakic, 1995) we consider this region to lie in BA 9 or BA 46. The involvement of the prefrontal cortex in an attentional network is in accord with previous imaging studies (Pardo et al., 1991; Coull et al., 1996) and neuroanatomical data on connections between the prefrontal cortex and the posterior parietal cortex (Petrides and Pandya, 1984) . Activations reported are significant at P Ͻ 0.05 (corrected). Paus (1996) . *Not significant; the other activations are significant at P Ͻ 0.05 (corrected).
Neural mechanisms underlying attentional modulation
Attention can be expressed as the enhancement of one cortical pathway mediating the attended modality (e.g. motion) (La Berge, 1995) . The question that arises is which part of the brain is capable of modulating such pathways? Selemon and Goldman-Rakic (1988) have shown that prefrontal cortex is connected to many cortical areas ascribed to spatially related behaviour and attention. They also note that prefrontal projections throughout the cortex terminate in layer I. This pattern is typical of feedback connections (Rockland and Pandya, 1979; van Essen and Maunsell, 1983) . Therefore, the prefrontal projections to the posterior parietal cortex have both the macro-and microanatomical characteristics of a modulatory projection system. However, this does not explain the modulation of activity in extrastriate areas that we observed, because direct projections between prefrontal cortex and extrastriate areas have not been demonstrated (Selemon and Goldman-Rakic, 1988) . However, the posterior parietal cortex, as the main target of modulation, has rich reciprocal connections with V5, the middle superior temporal region and V3a in the primate (Cavada and Goldman-Rakic, 1989) , which themselves project back to striate cortex. Therefore, we suggest that activation of prestriate and striate cortical areas is modulated reciprocally in a chained cortical hierarchy. This idea would also explain the gradual decay of modulation from the posterior parietal cortex to V5 or V3a, and from there to V1/V2, as demonstrated for a single subject in Fig. 5 . Modulation is an extremely flexible mechanism, especially on a small time scale, a factor critical for attention. In a biologically compelling mathematical model, Olshausen et al. (1993) have used the concept of modulation to model involuntary shifts of attention between objects in a given visual scene. As a possible mechanism for modulation or gating at the neuronal level, they proposed voltage-gated calcium channels (Llinas, 1988 ) that would enable non-linear coupling between inputs. This has been shown for synaptic inputs into layer I of neocortex (Cauller and Connors, 1992) , which supports the conjecture that attentional modulation could be exerted by prefrontal areas whose connections terminate predominantly in layer I.
On the basis of our data alone it is not possible to prove that the prefrontal cortex modulates motion-dependent responses in posterior cortical regions. However, together with lesion data assigning an executive role to the prefrontal cortex this hypothesis may be more tenable. The role of a central executive with respect to attentional processing is demonstrated by patients with prefrontal lesions who show deficits of voluntary attention (Brazzelli et al., 1994; Godefroy et al., 1996) . Another source of evidence for the role of prefrontal cortex in modulating the posterior parietal cortex comes from human PET studies (Frith et al., 1991) . However, further studies, assessing cortical interactions, e.g. effective connectivity (Friston et al., 1995d; Büchel and Friston, 1997) , are necessary to investigate this hypothesis directly.
Although not significant, the almost symmetrical activation of medial thalamic nuclei is in accord with the hypothesis that the dorsolateral prefrontal cortex mediates part of its modulatory influence via these thalamic nuclei (La Berge, 1995) .
Oculomotor control and attention
Activations during 'attention' as opposed to 'no attention' involved regions associated with oculomotion and attention. These included the frontal eye fields, medial premotor areas (supplementary eye fields), inferior BA 6 and the superior colliculus.
The role of the frontal eye fields and BA 6 in attention is suggested by lesion (Rizzolatti et al., 1983) and animal studies (Latto and Cowey, 1971; Collin et al., 1982) . These results led to the premotor theory of attention (Rizzolatti et al., 1987; Sheliga et al., 1994) with the notion that the mechanisms responsible for spatial attention and the programming of saccades cannot be separated.
The observed medial subcortical activation was most likely Fig. 4 Subcortical activations revealed by comparing the 'attention' and 'no attention' conditions, overlaid on the mean group MRI. The threshold for display is set to P Ͻ 0.01 (uncorrected). The coronal section (A) shows a significant signal in the medial thalamic nuclei, and B shows activation in the right superior colliculus, VI/V2 border and medial thalamus.
in the right superior colliculus. This is in accord with previous studies on attention (Corbetta et al., 1991) and the above primate studies. Like the frontal eye fields, the superior colliculus is functionally implicated in the generation of eye movements. However, the superficial layers of the superior colliculus have visual receptive fields and receive information from the retina and visual cortex (Meredith and Stein, 1985) . These cells could register the displacement of dots in our stimulus by eliciting a saccadic program in the deep layers (to follow the stimulus) while execution is blocked. Although radial motion has no unique direction to direct single saccades, it is possible that clusters of dots could engender a perception of transient directionality. This inhibition of saccade execution has been attributed to modulatory influences from the frontal eye fields (Leichnetz et al., 1981) , prefrontal cortex (Goldman and Nauta, 1976 ) and the posterior parietal cortex (Lynch et al., 1985) . This could explain activation of the superior colliculus in the absence of eye movements but does not explain why the superior colliculus activity is greater during attention. Reciprocal influences from V5 (Graham et al., 1979) and the posterior parietal cortex (Fries, 1984) to the superficial layers could, however, account for the observed modulation.
There is considerable evidence to suggest that the system controlling eye movements and the attentional system cannot be separated. This has been shown by behavioural (Sheliga et al., 1994) and electrophysiological (Kustov and Robinson, 1996) experiments. As mentioned above, the moving dots of Activations reported are significant at P Ͻ 0.001 (uncorrected).
Fig. 5
Progressive reduction of modulation from anterior to posterior brain regions. Plots of the timecourse of activation in three different voxels of a single subject. Plots of the mean signal for the three conditions 'attention', 'no attention' and 'fixation' are shown. The upper, middle and lower panels show the activation of single voxels in V1, V5 and the posterior parietal cortex, respectively. Z-scores are derived from the comparison of 'attention' and 'no attention' conditions. The associated P-values indicate the significance of this difference. The vertical axis denotes the BOLD signal, which is arbitrarily scaled to a whole brain mean of 100. Note the progressive reduction of modulation (difference between 'attention' and 'no attention') from posterior parietal cortex over V5 to V1; the difference between 'attention' and 'no attention' in V1 (top) did not reach significance (corrected P ϭ 0.64). The horizontal time axis is calibrated in terms of scan number, each lasting 3.2 s. The broken line shows the modelled response.
our paradigm are prepotent targets for eye movements, and therefore saccades might be programmed but not executed (Rizzolatti et al., 1987; Mesulam, 1990) . Mesulam (1990) proposed that 'the frontal eye fields and area PG have a collective mechanism for specifying whether a location in space (and events within it) will become a target of enhanced neuronal impact, visual grasp, manipulation or orientation'. Kustov and Robinson (1996) show that a shift in attention is followed by increased firing of neurons in the superior colliculus, which the authors attribute to the preparation of eye movements. These data support the suggestion that the activation of the superior colliculus (and the frontal eyefields) in our paradigm is an expression of attentional processing and not related to executed eye movements.
Working memory and voluntary attention
The activation of dorsolateral and ventrolateral prefrontal cortex may also be related to the non-verbal working memory during the attention condition. Voluntary attention of the form used in our experiment requires some explicit information to be kept 'online'. This possibility is in accord with the notion that the dorsolateral prefrontal cortex represents a system involved in monitoring information within working memory (Petrides, 1996) . Furthermore, it has also been suggested that working memory and attentional processing are linked and should not be seen independently (Baddeley, 1993) .
Attention to motion
Motion is displacement over time and is a spatial-temporal attribute. Therefore, there is no clear-cut distinction between featural attention for motion and spatial, or even temporal, attention. In our paradigm, subjects were asked to detect changes in speed. They therefore had to pay attention to the displacement of the dots over time, calling upon both spatial and temporal attention.
Conclusion
Our results show that attention to motion produces a modulation of the activity evoked by moving stimuli in extrastriate cortical regions V3a and V5. A wider network of parietal and frontal cortex is engaged by attention to motion but not by motion per se, suggesting that these areas may be the source of top-down modulatory influences on extrastriate cortex. Selection based on stimulus motion occurs early in visual processing, compatible with early selection attentional theories. However, the widespread engagement of higher order association cortex by attention to motion argues in favour of an integrated mechanism of attention (Mesulam, 1990) in which selection may take place at multiple loci in the processing pathways for visual signals.
